Loss of the epithelial polarity gene scribble in clones of Drosophila imaginal disc cells can cooperate with Ras signaling to induce malignant tumors. Such mutant tissue overproliferates, resists apoptosis, leaves its place of origin and invades other organs, ultimately causing lethality. We show that increased Jun N-terminal kinase (JNK) signaling resulting from the loss of scribble promotes the movement of transformed cells to secondary sites. This effect requires Fos-dependent transcriptional activation of a matrix metalloprotease gene mmp1 downstream of JNK. Expression of the Mmp inhibitor Timp or Mmp RNAi knockdown suppresses cell invasiveness. The proinvasive function of the JNK pathway is revealed in a tumor context when active Ras signaling prevents the apoptotic response to JNK activity as it occurs in nontransformed cells. Based on these results, we present a model that explains the oncogenic cooperation between JNK and Ras, and describes how aberrant regulation of cell survival, proliferation and mobilization cooperate to incite malignant tumor formation.
Introduction
A key determinant for the malignancy of tumors is their propensity to shed metastases. Metastatic tumor cells can move actively and have the ability to penetrate surrounding extracellular matrix (ECM) stroma and epithelial basement membranes. The ability of tumor-derived cells to leave an organ, survive, colonize and proliferate at ectopic locations relies on reprogramming of multiple signaling pathways that control not only viability and growth but also cell shape, adhesion and motility (Hanahan and Weinberg, 2000) . The complexity of such oncogenic programming explains why in order for a malignant tumor to arise, multiple cooperating oncogenic mutations have to occur (Land et al, 1983) .
Cooperation of multiple oncogenic events has been successfully reconstructed in the fruit fly Drosophila melanogaster, where imaginal discs can develop tumors displaying characteristics of metastatic cancer (Brumby and Richardson, 2005; Ferres-Marco et al, 2006) . Disruption of tumor suppressor gene, such as scribble (scrib), lethal(2) giant larvae or discs large, together with the activation of the Ras signaling pathway (achieved by expression of active Ras V12 or Raf act variants) transforms clones of normally proliferating imaginal disc cells into malignant, lethal tumors (Brumby and Richardson, 2003; Pagliarini and Xu, 2003; Uhlirova et al, 2005) . This malignancy results from a significant growth advantage of the tumor cells over surrounding tissues combined with their ability to move actively from their place of origin and to penetrate basement membrane barriers. As a result, ras V12 , scrib À/À cells can leave the eye/antennal imaginal disc and colonize distal parts of the brain, for example, the ventral nerve cord (VNC) or, rarely, other parts of the larval body (Pagliarini and Xu, 2003) . The genetic and molecular principles of these migratory and invasive cellular behaviors have not yet been identified. The Jun N-terminal kinase (JNK) signaling pathway is an important regulator of cellular phenotypes that are relevant in the context of tumorigenesis. In addition to its well-known role in apoptosis (Adachi-Yamada et al, 1999; Behrens et al, 1999; Kuan et al, 1999; Tournier et al, 2000; Igaki et al, 2002; Moreno et al, 2002; Ryoo et al, 2004; McEwen and Peifer, 2005) , JNK has been implicated in the control of cell motility and adhesion during developmental as well as woundinginduced cell movements. For example, JNK-deficient mice exhibit defects in neural tube and eyelid closure; growth factor-stimulated embryonic stem cell migration is also affected (Xia et al, 2000; Yujiri et al, 2000; Weston et al, 2003 Weston et al, , 2004 Zhang et al, 2003) . Components of the Drosophila JNK pathway are required for extension and sealing of embryonic epidermal sheets during dorsal closure (RiesgoEscovar et al, 1996; Sluss et al, 1996; Glise and Noselli, 1997; Hou et al, 1997; Kockel et al, 1997; Martin-Blanco et al, 1998; Homsy et al, 2006) . During metamorphosis, JNK is required for shape remodeling of imaginal epithelia, involving their eversion, spreading and fusion at the thorax dorsal midline (Agnes et al, 1999; Zeitlinger and Bohmann, 1999; MartinBlanco et al, 2000; Pastor-Pareja et al, 2004) . JNK activity also promotes cell shape changes and re-epithelialization of wounds in larval and adult epidermis (Rämet et al, 2002; Galko and Krasnow 2004) or in regenerating imaginal discs (Rämet et al, 2002; Bosch et al, 2005; Mattila et al, 2005) .
JNK signaling is undoubtedly implicated in mammalian cancer (Huang et al, 2003; Ventura et al, 2004; Hagemann et al, 2005; Kwei et al, 2006) , and notable JNK activity has also been found in Drosophila ras V12 , scrib À/À clonal tumors (Brumby and Richardson, 2005) . However, the precise contribution of JNK activity to tumor cell invasiveness remains only partially understood. It has been shown that JNK exerts its effects on cell migration and epithelial movements at least in part by modulating gene expression (Jasper et al, 2001; Homsy et al, 2006) . One possibility is that JNK might promote expression of matrix metalloproteases (MMP), enzymes with clear links to tumor cell motility. MMPs degrade basement membrane and ECM components, and normally function during developmental tissue remodeling and wound healing (McCawley and Matrisian, 2000; Vu and Werb, 2000) . Various human tumors display increased MMP expression in correlation with metastasis formation (Stetler-Stevenson et al, 1993; Nelson et al, 2000) . Studies in a range of mammalian cell lines have identified JNK-activated transcription factors of the Fos and Jun family (AP-1) as regulators of MMP gene expression (Westermarck and Kahari, 1999; Chakraborti et al, 2003) . However, the genetic evidence for the causal relationship between JNK, AP-1, MMP expression and tumor invasiveness in vivo is scarce. Here, we employ the Drosophila model to show that activation of the JNK signaling pathway is essential for the invasive behavior of tumors in vivo. In cooperation with two oncogenic events, activated Ras and disrupted epithelial integrity, JNK enhances tumor malignancy via Fos-dependent activation of the gene encoding Mmp1.
Results

JNK is required for the invasive phenotype of ras
V12
, scrib À/À tumor cells Consistent with previous reports (Brumby and Richardson, 2003; Pagliarini and Xu, 2003; Uhlirova et al, 2005; Igaki et al, 2006) , we find that clones of eye/antennal imaginal disc cells deficient for the epithelial polarity gene scribble or overexpressing the oncogenic ras allele (Ras V12 ) give rise to a mild tumor phenotype with no detectable invasiveness. Only when both oncogenic lesions combine, prominent cell invasion becomes evident. Malignant cells can be tracked by the GFP marker that is expressed along with Ras V12 in the scrib-deficient clones induced by eyeless-driven FLP. Starting on day 6 after egg laying (AEL), a significant fraction of the GFP-labeled imaginal disc cells appear in the VNC. As the eyeless driver is inactive in the VNC, GFP-marked cells residing in it must have migrated there from the eye/antennal discs or from the optic lobes (Pagliarini and Xu, 2003) and, thus, their presence indicates abnormal cell migration or invasiveness. On day 9 AEL, the invading cells obscure the eye/antennal discs, brain lobes and the VNC, such that they are no longer distinguishable. (Figure 1 and Supplementary  Figure 1 ; Pagliarini and Xu, 2003; Uhlirova et al, 2005; Igaki et al, 2006) . The invading tumor cells are morphologically distinct from the epithelial cells and neurons that normally populate the VNC. They display a prominent actin cytoskeleton network as shown by phalloidin staining ( Figure 1A , right panel). Such an abundant actin polymerization is typical of cells that are actively moving or undergoing shape changes. JNK signaling is a known regulator of actin dynamics in Drosophila and other species (Xia and Karin, 2004) . To explore a possible contribution of the JNK pathway to cell invasiveness, we expressed a dominant-negative form of the Drosophila JNK, Basket (Bsk DN ) in clonal tumors of the ras V12 , scrib À/À genotype.
Strikingly, inhibition of JNK signaling by expression of Bsk DN blocked invasiveness completely ( Figure 1B , see also Figure 5 for statistical evaluation). Clones of the ras V12 , scrib À/À , bsk DN genotype still overgrew the eye/antennal discs ( Figure 1A and 2B). However, clonal cells never left the structure ( Figure 1B) . Similarly, overexpression of the JNKspecific phosphatase Puckered (Puc), which specifically dephosphorylates and inactivates JNK/Basket (Martin-Blanco et al, 1998) , suppressed the invasiveness of tumor cells into the VNC ( Figure 5 and Supplementary Figure 2) . Evidently, a functional JNK pathway is essential for the full manifestation of the invasive phenotype. This observation is in agreement with a recent report by Igaki et al (2006) , which describes a function for JNK in a similar model. 
Mmp1 is upregulated in invasive ras
V12
, scrib À/À tumors MMPs are potential effectors of tumor cell motility, and previous transcriptome analyses have suggested their regulation by JNK in Drosophila (Jasper et al, 2001; Boutros et al, 2002) . To explore the link between JNK signaling and the invasiveness of ras V12 , scrib À/À tumors, we therefore examined the expression of both Drosophila Mmp encoding genes, mmp1 and mmp2 (Llano et al, 2000 (Llano et al, , 2002 Page-McCaw et al, 2003) , in the transformed imaginal disc tissue.
Immunostaining of wild-type eye/antennal imaginal discs finds Mmp1 protein expression restricted to a small area of the disc stalk ( Figure 2E ). In contrast, Mmp1 expression was markedly increased in invasive ras V12 , scrib À/À clones regardless of their location within the disc ( Figure 2A ). Mmp1 was detected at varying levels in almost all tumor cells, notably in those that invaded the distal parts of the brain (Figure 2A (right) and A 0 ). The expression pattern of Mmp1 in the invading tissue appeared dynamic, and a significant fraction of presumably secreted Mmp1 protein remained associated with cell surface (Figure 2A 00 ). Interestingly, in areas where tumorigenic clones with high levels of Mmp1 expression came to close proximity with the basement membrane, its integrity was disrupted as shown by staining for laminin A (Supplementary Figure 3) . Destruction of basement membrane barriers is one of the hallmarks of invasive tumors as it permits the penetration of secondary organs.
Mmp1 protein levels in tumorigenic clones decreased significantly when JNK was inhibited by coexpression of either Bsk DN or Puc ( Figure 
Mmp1 upregulation is due to the loss of scribble
To discern which of the oncogenic lesions, Ras activation or the loss of scrib, triggers JNK-mediated Mmp1 expression, we examined eye discs bearing clones that either expressed Ras V12 or that were deficient for scrib. Compared to discs with combined ras V12 , scrib À/À clones ( Figure 2A ), discs bearing overproliferating but noninvasive ras V12 clones displayed only sporadic patches of increased Mmp1 expression relative to the sizeable GFP-marked clonal areas ( Figure 2C and Supplementary Figure 6D ). In addition, Mmp1 was not detectable in clones expressing activated Raf (Supplementary Figure 5A) . In contrast, Mmp1 was prominently expressed in clones lacking scrib, although these clones did not overgrow to the extent of the Ras V12 (or Raf act ) tumors ( Figure 2D ) and showed increased level of apoptosis (Brumby and Richardson, 2003; Uhlirova et al, 2005; Supplementary Figure 6A ). We conclude that the major cause of Mmp1 activation in tumors is the loss of scrib. This assumption is supported by RT-PCR data, showing similarly high mmp1 mRNA levels in discs bearing scrib À/À and ras V12 , scrib À/À clones (Supplementary Figure 4A ).
Mmp1 expression in tumors requires JNK and Fos
To confirm that the loss of scribble causes activation of Mmp1 expression in a JNK-dependent manner, we measured Mmp1 levels in scrib À/À clones overexpressing Bsk DN clones to a similar extent as did suppression of Basket activity ( Figure 2G and Supplementary Figure 6C) . Interestingly, and similar to scrib À/À clones in which JNK activity was blocked with Bsk DN (Brumby and Richardson, 2003; Uhlirova et al, 2005) or Puc ( Supplementary Figures 2A and 6B ), scrib
RNAi clones grew much bigger in size ( Figure 2G ) and apoptosis was suppressed in them (Supplementary Figure  6C) . These results suggest that besides regulation of mmp1, Fos is also involved in the execution of cell death in response to JNK signals. We conclude that the loss of the epithelial polarity gene scribble induces a pathway encompassing JNK and Fos to activate mmp1 gene expression and apoptosis.
Transcriptional activation of mmp1 by JNK
To establish that Mmp1 is induced downstream of JNK as its transcriptional target in vivo, we undertook two complementary approaches. First, we utilized a heat-inducible engrailedGal4 system to activate JNK by expressing its constitutively active kinase Hep act in the wing imaginal discs. The conditional system was used to avoid lethality due to massive apoptosis that would result from constitutive Hep act expression. Increased levels of mmp1 mRNA were clearly detected by in situ hybridization in the domain of engrailed activity in the posterior half of the wing discs ( Figure 3A) upon Hep act induction, while no such increase was observed in control samples. This result shows that JNK activation is sufficient to trigger mmp1 expression at the mRNA level. Second, we used an mmp1-lacZ transgenic reporter to assess transcriptional regulation of mmp1 gene directly in the tumor tissue. The reporter construct was derived from the first mmp1 intron, in which we identified three putative AP-1 binding sites ( Figure 3B ). In two independent transgenic lines, this mmp1 reporter perfectly recapitulated the expression pattern of endogenous mmp1 as determined by in situ experiments (Llano et al, 2000; Page-McCaw et al, 2003) (data not shown). Importantly, the activity of mmp1-lacZ in tumorigenic clones mirrored expression of the endogenous Mmp1 protein and was likewise restricted to the area of oncogenic raf act , scrib À/À clones ( Figure 3C expression (compare Figure 4E , E 0 and G, G 0 ). Eye/antennal discs of the ras V12 , scrib
, timp genotype overgrew significantly and became even bigger than the entire tumor mass of ras V12 , scrib À/À larvae (compare Figure 4A and B).
Nevertheless, the structures of the optic lobes were clearly distinguishable and could be easily separated from the overgrown eye/antennal discs (compare Figure 4E 0 and G 0 ). When quantitatively analyzed, tumor cell invasiveness was significantly inhibited in the presence of ectopic Timp expression ( Figure 5 ). These data indicate that Mmp activity is critical for cell invasiveness, but is not required for cell survival and proliferation. Importantly, the massive size of the ras V12 , scrib À/À , timp tumors further supports the notion that invasiveness is not just an indirect consequence of tumor overgrowth. As pointed out above, Drosophila Timp inhibits both Mmp1 and Mmp2. To assess the contribution of each protease to tumor invasiveness individually, we employed an RNA interference strategy. Expressing the Mmp1 RNAi and
Mmp2
RNAi constructs in the tracheal system or the developing dorsal body wall (under the control of breathless-Gal4 driver or pannier-Gal4, respectively) faithfully recapitulates published phenotypes of mmp1 and mmp2 null alleles such as breaks and shortening of dorsal tracheal trunks and cleft thorax phenotype, respectively (Page-McCaw et al, 2003; Supplementary Figure 7) . Upon expression of either mmp1 or mmp2 RNAi in ras V12 , scrib À/À clones, invasiveness was significantly suppressed, while tumors still overgrew the entire eye/antennal discs in both cases ( Figure 5 ). When both Mmp1 and Mmp2 were knocked down simultaneously, the invasiveness of the ras V12 , scrib À/À cells was reduced as efficiently as after Timp overexpression ( Figures 4C and 5) . We conclude that, even though only Mmp1 expression is significantly upregulated by JNK, both Mmp1 and Mmp2 contribute to the invasiveness of ras V12 , scrib À/À clones.
Consistent with the observation that Fos is required for
Mmp1 expression in tumorigenic clones ( Figure 2G ), we found that Fos RNAi in ras V12 , scrib À/À clones phenocopied 
JNK activation is sufficient for Mmp1 expression, cell motility and invasiveness
The results presented so far suggest a mechanism through which scribble deficiency cooperates with oncogenic Ras activity to induce invasive tumors: Loss of scribble leads to JNK activation and ensuing Fos-dependent Mmp1 expression. Mmp1 then supports cell invasiveness, while Ras signaling is necessary to suppress the apoptotic effect of JNK activity and to stimulate cell growth. To test this model further, we asked whether artificial activation of JNK signaling in the presence of normal scrib function might be sufficient to induce Mmp1 and to confer an invasive phenotype to clones of imaginal disc cells that express Ras V12 . Expression of the constitutively active JNKK (Hep act ) in eye/antennal imaginal disc clones causes massive apoptosis, which can be partially suppressed by simultaneous activation of the Ras/Raf/ERK pathway (Uhlirova et al, 2005;  Supplementary Figure 6E and F) Figure 2C and H and Supplementary Figures  5 and 6D-F) . Thus, JNK is not only necessary for Mmp1 expression under conditions of scrib deficiency, but is also sufficient to induce it in the presence of wild-type scrib function. Next, we examined if JNK was also able to mediate the tumorigenic effect of scrib deficiency in a Ras gain-offunction background. When we examined brains of larvae bearing clones of the ras V12 and ras V12 , hep act genotypes, we found that some of the surviving cells of the latter genotype elongated and migrated to ectopic regions of the brain ( Figure 6C ). Invasiveness was not very efficient in this genotype, however, presumably because the proapoptotic function of Hep act cannot be suppressed completely by Ras V12 and thus leaves few surviving cells to invade. Consistently, much more marked invasion was observed when JNK signaling was induced moderately by expression of the wild-type form of Drosophila JNKK, Hep wt ( Figure 6B ). As visualized by phalloidin staining (blue in Figure 6B and B 0 ), the activation of JNK coincided with a marked build-up of F-actin structures in the invading cells. Thus, the clones have the appearance of cells that are engaged in active movement and cytoskeletal remodeling. We conclude that in conjunction with oncogenic Ras activation, JNK activity is sufficient to induce Mmp1 expression and promote cell motility and invasiveness.
Ras cooperates with JNK by suppressing apoptosis
Next, we wanted to dissect the contribution of oncogenic Ras to cooperative tumor induction in ras V12 , scrib À/À or ras V12 , hep act clones. Our model predicts that the antiapoptotic function of Ras will permit scrib-deficient cells with high levels of JNK activity to survive long enough to engage into significant cell migration and ultimately tissue invasion. To test this prediction, we asked whether selective substitution of the cell survival function of Ras by expressing the apoptosis inhibitor p35 in a JNK gain of function context might at least partially reproduce a malignant and invasive tumor phenotype. To this end, we employed wing imaginal discs and coexpressed Hep act together with p35 in a defined subset of cells using the dpp-Gal4 driver. Overexpression of p35 alone had no notable effect on cell morphology ( Figure 7B) . However, the combined expression of Hep act and p35 recreated aspects of malignant cell phenotypes. The hep act , p35 cells did not remain in the compact stripe of the Dpp expression domain along the anterior/posterior boundary as the control cells did. Instead, they scattered into the adjacent area of the wing disc. Furthermore, hep act , p35 cells displayed extensive actin reorganization and extended actin rich filopodia ( Figure 7A and data not shown) characteristic of invasive cells. They also expressed elevated levels of Mmp1. All these phenotypes are associated with malignancy, indicating that our model captures integral aspects of cooperative cell transformation.
Discussion
Genetic experiments using Drosophila imaginal discs have yielded valuable information about the interplay between mechanisms that regulate cell proliferation, apoptosis and motility in the genesis of malignant tumors. In the present study, we begun to dissect the downstream signaling events that give rise to invasive malignant tumors when oncogenic alleles of Ras pathway components cooperate with loss of the epithelial polarity gene scrib in clones of eye imaginal disc tissue. By exploring and then attempting to reproduce cellular effects elicited by either of these two oncogenic genotypes, we pinpointed essential mechanisms contributing to tumorigenesis. The data emerging from these experiments suggest that the activation of JNK in cells lacking scribble and the suppression of apoptosis by oncogenic Ras signaling are central events in the establishment of the transformed invasive phenotype (Figure 8) .
At this point, it is not clear what causes the activation of JNK in scribble-deficient cells, and further experiments are required to elucidate this question. One credible speculation would be the involvement of cell competition in which faster growing wild-type cells eliminate slower growing scrib À/À neighbors from the eye imaginal disc epithelium via inducing JNK-dependent apoptosis. The loss of epithelial polarity would further sensitize the scrib À/À cells to cell competition (Thompson et al, 2005) . As predicted by this hypothesis, clonal growth is restored when apoptosis of scrib À/À clones is blocked by expression of the caspase inhibitor p35 (Brumby and Richardson, 2003) or DIAP (this study). Similarly, it is conceivable that cell competition caused by the difference in proliferation rate coupled with abnormal cell-cell interactions would underlie the observation of occasional areas of JNK activity (evidenced by mmp1 gene induction, this study and puc-lacZ expression (data not shown; Igaki et al, 2006) ) in imaginal discs harboring clones of over proliferating Ras V12 cells. The interaction between clones of transformed cells and their normal cell environment is probably of key relevance in malignant tumor progression and the model system used in this study offers a great opportunity to explore such relationships.
In scribble-deficient cells, active JNK signaling stimulates both invasiveness and cell death. Interestingly, either response requires the AP-1 transcription factor Fos. RNAimediated knockdown of Fos function inhibits both the invasiveness of ras V12 , scrib À/À tumors as well as apoptosis of scrib-deficient cells. Fos-mediated control of apoptosis might be achieved by transcriptional activation of the hid gene (X Luo, H Jasper and D Bohmann, unpublished data).
Because of the apoptotic function of JNK signaling, its stimulatory effect on cell mobilization only becomes evident, and can be functionally dissected, when the proapoptotic effect of the pathway is repressed. This occurs under conditions of increased Ras signaling, or experimentally when apoptosis is inhibited by the expression of p35. Figure 8 depicts a model of the signaling interactions between Ras gain-of-function and scribble loss-of-function mutations that would explain the cooperative induction of tumor invasiveness and malignancy.
A plausible transcriptional target of JNK-Fos signaling with relevance to cell invasiveness in the tumor model under study here is the mmp1 gene. We show that JNK and Fos are required for the induction of Mmp1 in malignant tumor tissue. It has to be stressed that this JNK-induced Mmp1 expression is essential for the establishment of the invasive phenotype, as shown by using Timp expression or Mmp1 RNAi, but that Mmp1 activation alone is most likely not sufficient for this effect. We find that overexpression of Mmp1 in a raf gain-of-function, but scrib wild-type background does not give rise to an invasive phenotype (data not shown). It appears that JNK activation causes multiple cellular changes that are important for cell mobilization. In addition to the loss of basement membrane integrity that correlates with elevated Mmp1 expression, changes in the actin cytoskeleton are observed as a consequence of JNK activation in ras V12 , scrib À/À -transformed cells. This cytoskeletal rearrangement phenotype is not due to Mmp1 induction, since blocking of Mmp activity by Timp or RNAi does not influence it, a conclusion that is also supported by the observation that in the embryo JNK induces actin reorganization without turning on the mmp1 gene. Interestingly, the only other mmp gene in Drosophila, mmp2, has recently been implicated in Srcinduced and JNK-mediated mobilization of wing imaginal disc cells (Vidal et al, 2006) . Our analysis shows clearly that mmp2 is not transcriptionally induced by JNK. However, the RNAi experiments indicate that both Mmp1 and Mmp2 act in conjunction to mediate cell invasiveness. This might occur by a threshold effect where the combined ; however, their reduced ability to degrade ECM, spread and penetrate new organs forces them to expand in volume.
The study presented here illustrates how the derailing of several signaling systems is required to create a malignant cancer phenotype in which apoptosis is suppressed, epithelial integrity breaks down, tissue barriers are breached and cells proliferate and mobilize. Using the eye imaginal disc model, it is possible to deconstruct these complex signaling mechanisms and their interplay from the molecular to the tissue level. Future studies that can take full advantage of the experimental power of Drosophila genetics may improve understanding and ultimately the management of pathological cell movements.
Materials and methods
Fly stocks
For generation of eye mosaics, the following mutant and transgenic fly strains were used:
(1) ey-FLP1; Act4y þ 4Gal4, UAS-GFP; FRT82B, Tub-Gal80, To conduct experiments in the wing imaginal discs we used the following fly strains: (1) w; dpp-GAL4, UAS-GFP/TM6, (2) w; UAShep act ; UAS-p35 and (3) w; UAS-p35 as a control. UAS-timp transgenic flies were a gift from A Page-McCaw (PageMcCaw et al, 2003) . UAS-fos RNAi47 and UAS-fos RNAi35/19 transgenic flies were a gift from C Yanicostas (Hyun et al, 2006) .
Conditional activation of Hep act was achieved by using the Gal4/ Gal80 ts system (McGuire et al, 2003) . enGal4, UAS-gfp; tub-Gal80 ts females were crossed to UAS-hep act or w1118 males and kept at 201C. Gal80 ts was inactivated by incubation at 371C for 60 min. Larvae were kept at 251C for 3 h before dissection.
To generate UAS-mmp1
RNAi and UAS-mmp2 RNAi flies, cDNA fragments from the mmp1 and mmp2 genes were amplified using the following primer sets: mmp1, 5 0 -TGAGTGCCATCGAGGAGTT CCA-3 0 and 5 0 -ATGCTCGCTCTCCACGAACTTG-3 0 ; mmp2, 5 0 -TGCAG ACCGCCCTGGACGT-3 0 and 5 0 -CATACATGAGTCCGGCTTGGG-3 0 . The fragments were cloned as inverted repeats into the pWIZ vector (Lee and Carthew, 2003) and transgenic lines were established by standard P-element germline transformation.
Mosaic analyses
The eyeless-FLP/MARCM system (Lee and Luo, 2001 ) was utilized to induce positively marked GFP clones in eye/antennal discs. In all experiments, ey-FLP1; Act4y þ 4Gal4, UAS-GFP; FRT82B, TubGal80 females were crossed with males of the desired genotype.
mmp1-lacZ reporter construct
To generate the mmp1-lacZ reporter construct, a 4.78-kb mmp1 genomic DNA fragment was amplified with the following PCR primers: 5 0 -ACCACCAAGATCTAATCGCCATCG-3 0 and 5 0 -ATCTCG AGTGGTTCCACTTGCCGCTGGCA-3 0 containing BglII and XhoI restriction sites underlined, respectively, and inserted into the pPelican transformation vector that encompasses the lacZ coding sequence without a minimal promoter (Barolo et al, 2000) . Three putative AP-1 binding sites map to positions À1730, À3534 and À4581 upstream of the predicted Mmp1 translation start. Transgenic flies were generated with standard P-element-mediated transformation.
Immunohistochemistry
Imaginal discs and brains were fixed and stained according to standard protocols. The following antibodies and their dilutions were used: rabbit anti-active Caspase-3 (1:200; Cell Signaling Technology); mouse anti-Mmp1 (1:300; Page-McCaw et al, 2003) ; rabbit anti-b-Gal (1:500; Cappel); rabbit anti-Laminin A (1:1000; a gift from S Baumgartner); rat anti-Elav (1:300; Developmental Studies Hybridoma Bank); rhodamine (TRITC) or CY5-conjugated secondary antibodies (Jackson Immunoresearch) were used. Alexa 633-labeled phalloidin was added to the penultimate wash and incubated with the tissue for 40 min. Samples were analyzed by laser confocal microscopy (Leica SP2). Images represent either single confocal sections or projections of several sections as indicated in the figure legends.
In situ hybridization mmp1 mRNA was detected in third instar wing imaginal discs with a digoxigenin-labeled antisense RNA probe as described previously (Tautz and Pfeifle, 1989) .
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Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
